Urease of Proteus rettgeri is an inducible enzyme synthesized specifically in the presence of urea; urea analogues did not act as inducers. Once initiated, the biosynthesis of the enzyme proceeded as a constant fraction of the total protein formed. The rate of urease formation was affected by the carbon source used. In comparison with glycerol, glucose inhibited enzyme synthesis. The addition of ammonium ions to the inducing medium also decreased the rate of urease biosynthesis, and when ammonium ions were present urease activity and urea transport across the cell membrane were inhibited. A kinetic analysis of urease inhibition by ammonium ions, by use of a partially purified preparation of urease, showed that it was a competitive inhibition.
Three different mechanisms for the control of enzyme biosynthesis have been observed: induction (6) , catabolite repression (9) , and endproduct repression (16) . The first two were discovered in the f3-galactosidase system, and the third one, in the system for arginine biosynthesis. In addition, a further mechanism exists for the control of enzyme activity per se: end-product inhibition (3) .
During a study of the urease activity of Proteus, it was found that this enzyme is inducible, being synthesized only when the bacterium was grown in the presence of urea.
Previous studies of the urease of Proteus are scarce, and have been related mainly to problems of taxonomy (12) (13) (14) (15) 17) . We decided to study this enzyme further as a possible model of the different mechanisms of control of enzyme synthesis and activity. It was found that this enzyme has the unique characteristics of being susceptible to all of the mechanisms of control mentioned above: it can be induced by urea, repressed by several carbon sources, and both repressed and inhibited by its product, ammonia.
Such a system, in which one can shift from one method of control to another, may be useful in the study of the various mechanisms of enzyme regulation.
A description of the mechanisms of regulation of urease in Proteus is presented in this paper.
MATERIALS AND METHODS
Organ2ism and cultural conditions. P. rettgeri from the culture collection of the Department of Microbiology of the Escuela Nacional de Ciencas Biologicas (P. rettgeri ENCB) was used throughout this study. The bacterium was maintained on slants of the following medium: K2HP04, 0.7 g; KH2PO4, 0.3 g; MgSO4.7H20, 0.01 g; glycerol, 0.4 g; peptone (Difco), 0.5 g; agar, 1.5 g; and water, 100 ml.
The basal medium used for liquid culture was the following: K2HP04, 0.7 g; KH2PO4, 0.3 g; MgS04.
7H20, 0.01 g; peptone (Difco), 0.1 g; and water, 100 ml. To this basal medium, different carbon sources and ammonia or urea, or both, were added. For induction studies, cells grown overnight at 37 C with shaking, in the basal medium supplemented with carbon and nitrogen sources, were inoculated into fresh medium and grown under the same conditions for 4 hr.
Growth determinationis. Growth curves were determined by cultivating the cells in nephelometric flasks and measuring the turbidity with a KlettSummerson photoelectric colorimeter equipped with a red filter. A calibration curve of absorbancy versus dry weight was constructed. For continuous cultures, a chemostat was used. The temperature was maintained at 37 C, and effluent samples were collected over ice.
Measuremenit of urease activity. Cells induced under different conditions were harvested by centrifugation and washed three times with deionized water (pH 7.1). In preliminary experiments, whole washed cells were used for the determination of urease, but in later experiments cell suspensions were first treated with 0.1 volume of toluene at 37 C for 20 min with vigorous shaking. These cells are referred to as "toluene-treated cells." Urease activity was measured by following the increase of pH in a nonbuffered cell suspension or enzyme preparation; this increase is due to the for-1294 SYNTHESIS OF UREASE IN P. RETTGERI mation of ammonia from urea. A sample of the cell suspension or enzyme was mixed with a variable amount of urea and deionized water in a final volume of 3 ml, and the pH change was followed for about 3 min, after a time of adjustment of about 30 sec to 2 min. This was done with a Beckman GS pH meter coupled to a Photovolt Varicord model 43 recorder. The response under these conditions was linear and was strictly dependent upon enzyme concentration when the scale was adjusted to a range of 0.5 pH unit. Enzyme activity was expressed as the change of pH occurring in 1 min when 1 mg of cells or 1 mg of protein was incubated under the given conditions (change in pH per minute per milligram of cells or milligram of protein). In some preliminary experiments, the change in pH was followed by use of a Beckman GS pH meter. In this case, a longer time of incubation was required to obtain a measurable change in pH.
Chemical methods. Urea was determined by use of the diacetyl method (18 , and were treated with a mixture of chloroform and n-amyl alcohol (30 ml of a mixture consisting of 1 volume of n-amyl alcohol and 4 volumes of chloroform). The cells were shaken for 24 hr at 4 C. After this, the supernatant fluid (water layer) was collected by centrifugation at 14,000 X g at 4 C for 1 hr. The supernatant fluid was used for the precipitation of urease; crude enzyme was precipitated in the cold with 3 volumes of 95% (v/v) ethyl alcohol in water at pH 7.0, and the precipitate was collected immediately by centrifugation at 1,300 X g for 10 min at -10 C. The enzyme was dissolved in deionized water and kept in a freezer. Other reagents. N-methylurea and N,N-dimethylurea were obtained from K & K Laboratories, Jamaica, N.Y. Thiourea and urea were obtained from E. Merck, AG, Darmstadt, Germany.
RESULTS
Permeability of the cell to urea. Preliminary determinations of urease activity were done with whole cells. However, the entry of urea into the cell rather than its hydrolysis may have been the rate-limiting step. Several intracellular enzymes have been assayed after being treated with toluene to destroy the permeability barrier of the cell (2, 5, 7), and, for this reason, we compared the activity of the whole cells with that of toluenetreated cells (Fig. 1) . Treatment with toluene greatly enhanced the activity, indicating that the limiting step in urea hydrolysis in whole cells was, in fact, transport of the substrate across the membrane.
Induction ofurease in P. rettgeri ENCB. Growth in the basal medium began after a lag period of 1 hr, and continued for about 7 hr. For this reason, an induction period of 4 hr was selected. When urea was added to the basal medium containing glycerol and peptone, the growth curve was essentially the same as when no urea was added to the medium. Therefore, induction of urease in a growing culture could be followed under conditions in which urea was apparently not being used as a nitrogen source ("gratuitous" conditions). Cells were grown in basal medium containing glycerol and peptone with or without MAGANA-PLAZA AND RUIZ-HERRERA urea for 4 hr and then were centrifuged, washed, and treated with toluene as described above. The urease activity of the cell suspension was meas--ured. The results (Fig. 2) show that the enzyme / is inducible.
Kinetics of the induction of urease. The kinetics t of the urease induction are shown in Fig. 3 .
/# Addition of urea to growing cells caused the 2.0 initiation of the synthesis of the enzyme after a lag of 20 to 30 min. The lag was longer when > / glucose was used as carbon source, especially , / when the sugar was sterilized by autoclaving. < , Classical kinetics were then followed; i.e., the , enzyme activity increased proportionally with z .-,.-growth, which was measured by optical density.
1.0 , In the presence of glucose, urease activity in-/ / creased more slowly than growth, and, when / -, this carbon source was sterilized by heat, the 300, and 3,000 ,g/ml. Growth was followed for TIME (SEC) 5 hr, and no inhibition was observed in the pres- bility that the analogues are unable to penetrate into the cell.
Effect of the carbon source on urease biosynthesis. As mentioned above, the differential rate of enzyme synthesis was lower when glucose was used as carbon source. It has been observed that the synthesis of many enzymes is inhibited by various carbon sources, and especially by glucose. The same phenomenon was found when the effect of several carbon sources on the synthesis of urease was investigated (Fig. 5) . Urease synthesis was decreased when succinate, glucose, or lactate was used as carbon source rather than glycerol. A similar observation was made by Passmore and Yudkin in 1937 in P. vulgaris (11) .
Repression of urease biosynthesis by glucose. To study the effect of glucose on urease synthesis in more detail, an experiment was designed in which the bacteria were incubated in the presence of glucose or glycerol; they were then induced in the presence of glucose or glycerol and then in the presence of the same or the other carbon source. The results obtained in this experiment are shown in Fig. 6 . Maximal differential rate of synthesis was obtained when the cells were incubated and induced in the presence of glycerol. When glucose was present in the inducing medium, the differential rate of enzyme synthesis was greatly inhibited, whatever carbon source was used to grow the inoculum. On the other hand, induction in a medium containing glycerol, after growth of the inoculum in the presence of glucose, led to a differential rate of synthesis intermediate between those of cells grown on glucose throughout and cells grown on glycerol throughout. We interpret this observation to mean that an inhibitory substance accumulated during growth in the presence of glucose and was not eliminated during the further period of incubation in the glycerol medium. The time of growth during the induction period corresponds to about three generation cycles.
Repression of urease biosynthesis by ammonium ions. Ammonium ion was a strong repressor of urease synthesis, as shown in Fig. 7 . A concentration of ammonium sulfate of 0.66% repressed enzyme induction to a greater extent than glucose, and the effects were not additive.
Repression of urease by ammonium ions and glucose was studied by use of a chemostat to maintain their concentrations at a constant level (Table 1) . Urea was maintained at 50 ,umoles/ml and ammonium sulfate and glucose at the given levels. In the absence of added exogenous ammonium ions, cellular degradation of urea gave a level of 25 ,umoles of ammonium per ml, whereas in the absence of urea none was detectable. Maximal specific activity was obtained with cells grown in the presence of glycerol and urea. In the absence of urea, the level of enzymatic activity was very low. In the presence of urea, addition of ammonium sulfate caused a strong inhibition of the synthesis of urease. Addition of glucose to the ammonium-repressed culture did not cause any further decrease of enzyme synthesis.
When the process of addition was reversed, that is, glucose was added first, a repression level was obtained which was not increased by any further increase in the concentration of glucose, but when ammonium was added the same level of repression as that obtained with ammonium alone was reached.
Inhibition of urease and urea transport by ammonium ions. Besides being a repressor of urease biosynthesis, ammonium also controls urea hydrolysis by inhibiting both the entry of urea into the cell and the enzyme itself. When am-MAGAfIA-PLAZA AND RUIZ-HERRERA monium sulfate was added to whole cells and toluene-treated cells, urease activity was strongly inhibited (Fig. 8) .
To investigate the mechanism of inhibition of E as.
urease by ammonia in more detail, the enzyme was partially purified from induced cells by the method described by Guo and Liu (4), and the inhibition was analyzed kinetically (Fig. 9 ). Catabolite repression exerted by glucose on the biosynthesis of the urease seems to operate by a mechanism different from that of ammonium repression. This observation agrees with the results obtained with,-galactosidase in E. coli (8, 10) . Our results suggest that a product of glucose metabolism accumulates in the cytoplasm and that is lost very slowly from it, because, after two or three generations of growth in the absence of glucose, some inhibitory effect is still found. The analysis of the kinetic study of the biosyntesis of urease also suggests that a relatively high concentration of inducer is required to release the repressive effect of the glucose product.
